Calcium is an important factor in the ability of plants to resist salt stress, possibly because of its role in maintaining membrane integrity. We studied the effects of NaCl stress on membrane-associated Ca in corn root protoplasts (Zea mays L. cv Pioneer 3377) using the fluorescent Ca probe chlorotetracycline (CTC). Protoplasts were isolated from the cortex of primary roots of corn seedlings (Gronwald and Leonard, Plant Physiol 1982 70: 1391-1395. After a 30 minute incubation in 50 micromolar CTC, the protoplasts were exposed to isosmotic treatment solutions containing various concentrations of NaC just before fluorimetric analysis. Increasing NaCl concentrations caused a progressive reduction in net CTC fluorescence, to 50% of control values at 150 mM NaCl. NaCl did not displace CTC from the cells, nor did it directly interfere with Ca-CTC binding. Tests with CsC4, RbCl, KG, LiCI, Na2SO*4 NaNO3, and NaBr indicated that the reduction in CTC fluorescence was not specific to either Na or Cl, but may have been due to increased ionic strength of the treatment solutions. Like CTC fluorescence, root growth of intact corn seedlings was not specifically sensitive to Na, but was inhibited by several monovalent cations in the order Li > Cs >> Rb > Na > K. CTC fluorescence at 100 mM NaCl was restored to unstressed levels by increasing Ca concentrations. Since our salt treatments were isosmotic, we conclude that the ionic component of salt stress displaces Ca from membranes of corn root cells.
NaBr indicated that the reduction in CTC fluorescence was not specific to either Na or Cl, but may have been due to increased ionic strength of the treatment solutions. Like CTC fluorescence, root growth of intact corn seedlings was not specifically sensitive to Na, but was inhibited by several monovalent cations in the order Li > Cs >> Rb > Na > K. CTC fluorescence at 100 mM NaCl was restored to unstressed levels by increasing Ca concentrations. Since our salt treatments were isosmotic, we conclude that the ionic component of salt stress displaces Ca from membranes of corn root cells.
ANDRE LAUCHLI
University ofCalifornia, Davis, California 95616 orescent Ca probe CTC2 to measure membrane-associated Ca. CTC is an ambiphilic cation-chelating molecule that has characteristic fluorescence properties when bound to Ca in apolar environments (2) . In agreement with LaHaye and Epstein's (12) hypothesis, Cramer et al. (3) found that high concentrations of Na displaced Ca from a membrane they identified as the plasmalemma, and that at high NaCl concentrations this displacement was correlated with increased leakage of K (86Rb) from the roots.
A major difficulty in interpreting the effects of environmental factors on Ca nutrition is posed by the large reservoir of exchangeable Ca in the apoplast. For example, high concentrations of NaCl would be expected to displace Ca from apoplastic exchange sites, thereby increasing the free Ca available to the cell surface, which may complicate the direct effects of NaCl on the cell surface. Kinetic studies of Ca transport in intact tissues are highly problematic because the large apoplastic Ca pools obscure short-term Ca fluxes. It is also unclear how probe molecules might partition between hydrophobic regions ofthe apoplast and the cell membranes. For these reasons we chose to pursue mechanistic studies on the effects of salt stress on Ca nutrition using isolated protoplasts, which lack cell walls. The protoplast isolation procedure we employed in these studies produces fairly homogenous populations of root cortical cells that have normal ion transport capacities (9) .
The objective of the research we are now reporting was to determine whether salt stress displaced Ca from the membranes of corn root protoplasts, as measured by CTC fluorescence.
It is well established that salt stress reduces plant growth through osmotic effects on water availability as well as specific toxicity effects ofthe salt ions (8) . There is growing evidence that salt stress inhibits the uptake and transport of mineral nutrients such as N (1), P (16), K (13) , and Ca (14) in nonhalophytes. The effect ofsalt stress on Ca nutrition is particularly interesting since Ca is an important factor in the resistance of plants to salt stress (8, 11, 12) . We have observed that supplemental Ca enhances the salt resistance of corn (data not shown), which is relatively sensitive to salt stress (15) . Ca is essential to the selectivity of membrane transport processes (10) , a function that LaHaye and Epstein (12) proposed for its role in improving salt tolerance. Epstein had previously shown that Ca was essential for the maintenance of K transport in the presence of Na (6) . These authors suggested that one of the primary effects of salt stress is a disruption of membrane integrity caused by displacement of Ca from the cell surface by Na. Direct evidence for displacement of membrane-associated Ca by Na has recently been reported by Cramer et al. (3) (9) . This discrepancy may be due to the fact that the cultivar of corn we used and the cultivar used by Gronwald and Leonard displayed different root development at 3 to 4 d of age. The difference may also have been due to our use of tissue from the entire terminal 3 to 6 cm of the root, whereas Gronwald and Leonard discarded the terminal 1 to 1.5 cm of the root before using tissue from the remaining terminal 5 to 9 cm of the root. Despite the difference in yield, our protoplasts appeared healthy, exhibited transvacuolar strands and cyclosis, excluded Evans blue dye, and accumulated neutral red dye in the vacuole (data not shown).
Treatment Application. Protoplasts were diluted to 2.5 x 105 per ml in MBNS. The diluted protoplasts were exposed to CTC (Sigma) at a concentration of 50 Mm for 30 min, at which time the CTC fluorescence had stabilized, indicating saturation of the cells. Exposure to CTC did not affect cell cyclosis or cell reaction to Evans blue and neutral red. The protoplasts were then diluted to 1.25 x I05 per ml with isosmotic treatment solutions containing MBNS and experimental addenda to give the desired final concentrations. The osmolarity of the treatment solutions was balanced to within 0.5% using a Vapor Pressure Osmometer (Wescor model 5 1OOC) by adjusting the concentration of mannitol. In studies on the effect of Ca concentration on CTC fluorescence the Ca treatments and NaCl treatments were added simultaneously. EGTA treatments were applied as the K salt adjusted to pH 6.5. CTC fluorescence was measured within 30 s of treatment application. To measure the displacement of CTC from the protoplasts, protoplasts were centrifuged at 1 50g for 6 min to remove them from CTC in the supernatant. After resuspension the protoplasts were diluted in treatment solutions containing NaCl and after 2 min recentrifuged at 150g for 6 min. The fluorescence of the supernatant was measured after reduction of solution polarity by 50% dilution with ethanol.
Fluorescence Measurement. The CTC emission spectra shown in Figure I were generated on a Perkin-Elmer MPF-44A fluorescence spectrophotometer at an excitation wavelength of 390 + 10 nm and an emission slit width of4 nm. The CTC fluorescence of treated protoplasts was measured on a Perkin-Elmer LS-3 fluorescence spectrophotometer at an excitation wavelength of 390 ± 
RESULTS
CTC fluorescence appeared to be an effective probe for membrane-associated Ca in our system (Fig. 1) . Although significant CTC fluorescence was obtained with MBNS in the absence of protoplasts, in the presence of protoplasts the fluorescence increased and showed a marked sensitivity to external Ca concentration.
Increasing concentrations of NaCl progressively reduced PCF from 20% inhibition at 25 mm NaCl to 50% inhibition at 150 mM NaCl (Fig. 2) . However, PCF at 200 mM NaCl was greater than that at 150 mm NaCl.
The quenching of PCF by NaCl was probably not due to a direct inhibition of the binding of Ca to CTC in the membrane, as shown by the inability of NaCl to reduce CTC fluorescence from lecithin liposomes (Table I) . Lecithin liposomes were used in order to duplicate the geometry of ions in aqueous solution interacting with CTC molecules at the surface of a bilayer membrane. Since the solution and the membrane have very different dielectric constants, ionic interactions would not be realistically reproduced in a uniform mixture of CTC, Ca, and salts in a nonpolar solvent. Specific attractions between Ca and the liposomes as well as NaCl-induced displacement of Ca from the liposomes would be slight due to the neutral net surface charge of the liposomes. The NaCl effect was also not due to displacement of CTC molecules from the protoplasts, as measured by the CTC fluorescence remaining in the supernatant of treated protoplasts after centrifugation. Displacement of CTC from the protoplasts would result in increased CTC fluorescence in the supernatant, which was not observed (Table II) . Since NaCl did not displace CTC from the membranes or interfere with Ca-CTC (Table III ). Of the cations tested, Na and Cs caused slightly less PCF quenching than did Li, K, and Rb. Of the anions tested, S04 caused the greatest PCF quenching, despite the fact that it was present in half the molar quantity of the other anions (i.e. the salts were applied on a Na equivalency basis).
The lack of specific Na effects on PCF led us to study the relative toxicity of various ions to intact corn seedlings. Na was actually one of the least toxic cations to root growth in intact seedlings, being less inhibitory than Li, Rb, and Cs, and only slightly more inhibitory than K (Fig. 3) . Equivalent amounts of Na were more toxic as the Cl salt than the S04 salt. Shoot growth was also more sensitive to Li and Cs than to Na, although Rb did not inhibit shoot growth at all (Fig. 3) . The adverse effects of Li, Rb, and Cs on root growth resulted in greatly reduced root:shoot ratios in these treatments (Fig. 3) . In general, the ability of the cations to inhibit seedling growth was Li > Cs >> Rb > Na > K. LSD(o.0o) . The effects of salt composition on root fresh weight, shoot fresh weight, and root:shoot ratio were all very highly significant (P < 0.0001). O, protoplasts in MBNS at the indicated Ca concentration with 100 mM NaCl. Each value represents the mean of four replicates. The effect of Ca concentration on CTC fluorescence was very highly significant at P < 0.0006. The overall effect of NaCI concentration on CTC fluorescence was not statistically significant. The interaction of Ca concentration and NaCl concentration on CTC fluorescence was significant at P = 0.013. The bar in the upper left region of the figure represents the LSD(o.os) (since the ordinate is a log scale, the LSD is also given as a log value).
influenced the response of PCF to 100 mM NaCl (Fig. 4) . At low concentrations of Ca the NaCl treatment reduced PCF by about 15%. At 100 Mm Ca the NaCl inhibition of PCF increased to about 40%. As Ca concentrations increased beyond 100 gM, NaCi caused progressively less PCF quenching. In fact, at 1 mM Ca the NaCl treatment caused a slight but statistically significant increase in PCF. At 5 mM Ca the NaCl treatment had no significant effect on PCF.
DISCUSSION
Although corn root protoplasts proved to be a useful system in our studies with CTC (Fig. 1) , it should be noted that the osmotic component of salt stress applied to protoplasts is fundamentally different from that in whole plants. The protoplast suspension media are rather concentrated and themselves may generate osmotic stress in the cells, whereas the NaCl treatments were isosmotic and lacked an osmotic component. Therefore, the NaCl treatments represent the ionic component of salt stress applied to cells experiencing a uniform osmotic stress. It is also probable that the isolation procedure, especially the digestion of the cell wall, causes some damage to the cells and constitutes a form of stress. However, in expressing PCF values as percentages of control treatments we presumably have corrected for these additional stresses and can examine the effect of additional NaCl in isolation. We must assume that there are no interactions between NaCl stress and the stresses inherent in the system that would qualitatively alter the observed responses. This assumption is fortified by observations that NaCl also reduces CTC fluorescence in intact corn root hairs in a manner that is not specific to Na (E Kurth, A LIAuchli, E Epstein, VS Polito, unpublished data).
We need to know the location of PCF and the site of the NaCl effect on PCF in order to understand the mechanism of Ca displacement. LaHaye and Epstein's (12) original proposal that Na in the external solution displaces Ca on the cell surface is attractively simple. In a study of cotton root hairs (3), fluorescence quenching by the impermeant Ca chelator EGTA was used to assess the contribution of the cell surface to total CTC fluorescence. In cotton root hairs CTC quenching by increasing concentrations of EGTA resembled quenching by increasing concentrations of NaCl, which was interpreted as evidence that both compounds were acting on the same pool of Ca at the cell surface. However, it has recently been shown that EGTA can reduce CA concentrations in protoplasts within 5 min (7), suggesting that the EGTA effect may have been partially due to changes in internal Ca pools. In preliminary studies with corn root protoplasts we found that EGTA and NaCl may have additive effects on PCF, which would argue for separate sites of action or separate pools of Ca at the same site of action. We are presently pursuing these and other studies on the location of the Ca displacement.
Although the location ofthe NaCl effect remains elusive, some inferences concerning its mechanism can be drawn from its ionic specificity. Here again the protoplasts differ from the cotton root hairs; while in protoplasts the NaCl effect was not specific to either Na or C1, in cotton roots the effect was specific to Na, leading to the speculation that specific Ca ligands were involved, perhaps on proteins. Considering that the salt treatments in the present study were isosmotic, the lack of specific ion effects suggests that the NaCl effect was due to increased ionic strength of the external solution. Differences in ionic strength may account for the fact that 25 mm Na2SO4 caused greater PCF quenching than 50 mM NaCl, since the ionic strength of the Na2SO4 solution is 50% greater than the NaCl solution. Ionic strength could affect the association of Ca with membranes in several ways: by charge screening of anionic Ca exchange sites on the membrane, by changing the structure or organization of the membrane through alteration of electrostatic interactions between membrane components, and by changing the activity of Ca ions in the treatment solution. The effect of ionic strength on Ca ion activity may be quite important (as proposed by Cramer and Lauchli [4] and Cramer et al. [5] ); unfortunately the Plant Physiol. Vol. 83, 1987 high concentrations of mannitol used in the present study preclude a straightforward estimation of ion activities. These direct effects on the cell surface might also lead to secondary effects on fluorescence from internal membranes by altering Ca fluxes or through generalized cellular responses such as perturbations in the membrane potential (19) . We are presently attempting to evaluate these alternatives experimentally.
The displacement of Ca from membranes of corn root protoplasts is an immediate response to media salinization at the cellular level, and as such is possibly a primary response to salt stress. The ability of a variety of salts at high concentration to induce this response would suggest that Ca displacement from cell membranes cannot itself account for the specific toxicities of various ions, notably Li andCs, that can be observed in intact seedlings (Fig. 3) . Perhaps specific ion toxicities are due to secondary responses that occur subsequent to Ca displacement from membranes. For example, Ca displacement and consequent changes in membrane selectivity or permeability might allow entry of salt ions into the symplasm, which might have specific deleterious consequences depending on the identity of the ion. In this instance a primary response such as the displacement of Ca from membranes may be necessary but not sufficient for salt toxicity. In contrast to the corn root protoplasts, Ca displacement in intact cotton root hairs was specifically sensitive to NaCl relative to other ions (3) . This difference appears to be a qualitative difference between corn and cotton rather than an artifact of protoplast isolation, since the response of intact corn root hairs more closely resembled corn root protoplasts than intact cotton root hairs (E Kurth, A Lhuchli, E Epstein, VS Polito, unpublished data). The correlation of salt-induced Ca displacement with the salt tolerance of diverse species or genotypes will be useful in evaluating the physiological significance of this phenomenon.
The ability of increased external Ca concentrations to counteract Ca displacement (Fig. 4) may account for the protective effect of Ca in salt stressed plants, as proposed by LaHaye and Epstein (12) . It is interesting that the protective effect of Ca was not simply proportional to Ca concentration (Fig. 4) . As Ca concentrations are increased the PCF of salinized protoplasts is first unchanged, then reduced, and finally increased beyond control levels (Fig. 4) . We interpret this complex behavior as evidence that intracellular Ca fluxes and compartmentation are altered by salt treatment. The salt effect was ameliorated by Ca concentrations ranging from 100 gM to 1 mm Ca, which is comparable to the range of .a concentrations normally found in the apoplast. It is therefore possible that physiological regulation of Ca transport and distribution may be important in salt stress resistance. In addition to NaCl effects on root cells that are directly exposed to a saline medium, Na/Ca interactions may be particularly important in the shoot tissues of nonhalophytes, since salt stress reduces the transport of Ca from root to shoot (see [14] and references therein).
In summary, increasing concentrations of NaCl caused progressively greater displacement of Ca from the membranes of corn root protoplasts, as measured by the fluorescent Ca probe CTC. Ca displacement was apparent at 25 mm NaCl and was maximal at 150 mm NaCl. Ca displacement by NaCl was not specific to either Na or Cl, and was counteracted by increasing Ca concentrations. The ability of various cations to reduce PCF was not closely correlated with the inhibition of seedling growth, suggesting that the displacement of Ca from cell membranes is not the entire mechanism of salt toxicity.
